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The possibility to discriminate between the relative importance of the fluxes of energy and matter
in plasma-surface interaction is demonstrated by the energy flux measurements in low-temperature
plasmas ignited by the radio frequency discharge power and pressure ranges 50–250 W and 8–11.5
Pa in Ar, Ar+H2, and Ar+H2+CH4 gas mixtures typically used in nanoscale synthesis and
processing of silicon- and carbon-based nanostructures. It is shown that by varying the gas
composition and pressure, the discharge power, and the surface bias one can effectively control the
surface temperature and the matter supply rates. The experimental findings are explained in terms
of the plasma-specific reactions in the plasma bulk and on the surface. © 2010 American Institute
of Physics. doi:10.1063/1.3475728
I. INTRODUCTION
Plasma-assisted nanoscale synthesis and processing has
been of continuously increasing academic and commercial
interest in the last decade.1,2 Plasma-made nanostructures
feature many superior properties which in turn offer excel-
lent opportunities for nanoscale diagnostics e.g., atomic
force microscopy tips, electronic and optoelectronic devices
e.g., nanoelectronic circuits, photovoltaic solar cells, etc.3
For the best performance in applications, the nanostructures
should be formed with the optimum geometrical and struc-
tural characteristics, i.e., surface density, height, aspect ratio,
and crystallinity.4,5 This can only be achieved if the amounts
of building material and energy required for the nanoscale
synthesis are properly controlled.
In low-temperature plasma-based processes, both the
matter and the energy can be supplied directly from the
plasma, which leads to substantial reduction in the amount of
energy needed for surface heating.6,7 In this case, the re-
quired heating is due to the interaction of the plasma-
generated species with the surface. Positively charged ions
heat the surface via direct transfer of kinetic energy upon
impact while radicals do this via exothermic recombination
on the surface.8 Most importantly, only a narrow subsurface
most essential for the nanostructure nucleation and growth
layer is heated, which often makes any additional external
heating of the whole substrate unnecessary.9 This effective
and highly-localized surface heating makes it possible to
grow nanostructures at low temperatures thus substantially
minimizing the energy used.10,11 This places the plasma-
enhanced chemical vapor deposition among the most effec-
tive techniques for the synthesis of high-quality
nanostructures,12 especially at substantially lower tempera-
tures compared to many other processes.13–16
However, the building material and the energy from the
plasma bulk to the substrate surface are delivered simulta-
neously, via the ion, atom, and radical fluxes.11,17,18 How-
ever, the ultimate process control would require the ability to
control the delivery of energy and matter independently. But
how to deliver matter or heat to the growth surface selec-
tively? How to enable processes when either matter or heat
are mostly needed? How to clarify fluxes of which species
mostly deliver the building material and fluxes of which spe-
cies deliver most of the energy to the surface? Both material
and matter delivery processes are intimately interlinked, and
a “direct” separation of these processes is very challenging,
if possible at all.19,20 For example, in some processes ion
fluxes are responsible for the surface heating and simulta-
neously, they deliver up to 50% of the building material to
the surface.21 Furthermore, measurements of the plasma-
related surface temperature increase TSP the difference be-
tween the maximum measured surface temperature for the
specific discharge conditions, and the background, i.e.,
nearly room temperature are scarce and often provide quite
controversial results. Without reliable measurement of TSP,
it is very difficult to develop high-precision plasma nanofab-
rication processes. Hence, sophisticated manipulation of the
plasma, discharge, and deposition parameters is required to
enable effective and independent control of the energy and
material delivery to the growing nanostructures on the sur-
face. To solve this problem, we have performed a series of
dedicated experiments to measure the prevailing trends in
matter and heat delivery from the plasmas of various gas
mixtures that are commonly used in the synthesis of a variety
of silicon and carbon-based nanostructures.aElectronic mail: igor.levchenko@csiro.au.
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II. EXPERIMENTAL SETUP AND PROCEDURES
We have used various combinations of Ar carrier gas,
CH4 source of building material and H2 reactive/surface
heating gas gases to measure the energy fluxes and the as-
sociated temperature increases on the same substrate exposed
to the plasma discharge. The measurements performed by the
energy flux measurement device EFMD Refs. 22–24
demonstrated that the substrate surface temperature can be
effectively controlled by varying the gas composition and
pressure, discharge power, and substrate bias. It is shown that
these conditions can be tailored to effectively discriminate
between the specific regimes when i smaller or larger
amounts of heat and no matter; ii more matter and less
heat; and iii less matter and more heat are delivered
through the plasma-surface interactions. The first case is re-
quired for the surface e.g., catalyst pretreatment; the second
one is of particular relevance to relatively large micro/
nanostructures and temperature-sensitive e.g., close to room
temperature processes; and the last case is essential for the
growth of small nanostructures e.g., nanotubes at elevated
temperatures. We also demonstrate that significant increases
in the surface temperature can be achieved by varying the
discharge power and the surface bias conditions.
In this work we used experimental conditions typical to
the plasma-aided nanofabrication of surface-supported car-
bon and silicon nanostructures.25,26 A series of experiments
has been performed with Ar+H2 related to Si
nanostructures14 and catalyst pretreatment and Ar+H2
+CH4 related to carbon nanostructures15 gas mixtures. In
Fig. 1 a schematic of the experimental setup, typical scan-
ning electron microscopy SEM images of the carbon nano-
structures, and the used EFMD are shown. To measure the
effects of the plasma parameters on the surface temperature,
an additional bias voltage was applied to the substrate
dummy made of copper, installed in the EFMD the vacuum
chamber walls were grounded. During the experiments on
the surface bias variation, the working pressure was kept
constant at 11.2 Pa, with the argon partial pressure being of
7.9 Pa, hydrogen partial pressure 2.2 Pa, and methane partial
pressure 1.1 Pa. In the experiments where the total pressure
was changed, the ratio between the partial pressures of three
different gases was kept constant at Ar /H2 /CH4
=0.7 /0.2 /0.1. The total gas pressure has been measured with
a gas-independent pressure gauge. At the start of each experi-
ment run, pure argon plasma was generated by an rf dis-
charge to achieve a constant background temperature in the
vacuum chamber.
In these experiments, the heat influx was measured by
monitoring the rate of the temperature change dTS /dt of the
substrate dummy which was connected to a thermocouple
type K and installed in a solid shield. The substrate was
connected only to the thermocouple and a biasing wire.
Other contacts to the shield and the holder were avoided to
minimize thermal conduction effects. Due to the large heat
capacity, the shield was maintained at a constant ambient
temperature Tenv during the entire measurement process. For
all experiments we used copper plates with a diameter of 20
mm and a thickness of 0.1 mm as a substrate dummy. A
detailed description and calibration of the EFMD can be
found elsewhere.24
III. RESULTS AND DISCUSSION
In Fig. 2 the dependencies of the substrate temperature
change TSP on the gas pressure in the chamber are shown,
with the plasma composition as a parameter. The measure-
ments were made at a constant rf power of 50 W for the four
different gas mixtures typical for the plasma-aided nanofab-
rication processes,14,22,25 in the pressure range from 7.9 to
11.2 Pa. The comparison of the trends for the different
plasma compositions shows that the hydrogen content in the
plasma is a key factor for the plasma-related substrate heat-
FIG. 1. Color online a Representative SEM images of carbon nanotube arrays synthesized in Ar+CH4 plasmas, b carbon microcones synthesized in
Ar+H2+CH4 plasma, c dependence of the surface temperature on the measurement time at different rf input power measured with the EFMD inset, and
d schematic representation of the experimental setup.
FIG. 2. Color online Dependence of the substrate temperature change
TSP on the gas pressure, for the four different gas mixtures linear approxi-
mation lines are showh, with measurement errors not exceeding 10%. Ar
and Ar+H2 discharges show an increase in the substrate temperature with
pressure, unlike other gas mixtures which show a decrease with pressure.
The rf power is 50 W.
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ing. Indeed, in the Ar+H2 mixture one can achieve a twofold
surface temperature rise, whereas the plasma surface heating
effects in Ar+CH4 and Ar+CH4+H2 mixtures are signifi-
cantly weaker. Besides, from Fig. 2 one can see that only a
pure Ar discharge leads to an increase in the substrate tem-
perature TS with the pressure. Other gas mixtures show a
significant decrease in TS with the gas pressure except for
the Ar+CH4 mixture. It is also clear that when only Ar gas
is used, then a relatively small amount of energy and no
matter are delivered to the surface case i. The amount of
the heat released on the surface can be significantly increased
by adding reactive hydrogen; this increase is particularly
strong at low pressures. When building material needs to be
delivered and smaller amounts of heat are required case
ii, one should use Ar+CH4 mixtures at lower pressures or
Ar+CH4+H2 mixtures at higher pressures. The other way
around would benefit case iii.
In Fig. 3a the dependencies of the surface temperature
on the discharge power are shown for the different gas mix-
tures, with the constant discharge pressure of 11.2 Pa. In the
case of an Ar+H2 gas mixture, the surface temperature in-
creases by a factor of 2.25 as compared with other mixtures
and reaches 400 °C at the highest rf power 250 W. At the
lowest discharge power 50 W, the surface heating is weak
for all three mixtures. Remarkably, the surface temperature
for Ar+CH4+H2 and Ar+CH4 mixtures is nearly the same in
the entire range of the discharge power used. In Fig. 3b the
dependencies of the substrate temperature for pure argon
plasmas are shown with the heating time as a parameter. The
correlation between the rf power and the surface temperature
is quite linear for the discharge power below 200 W and
demonstrates a nonlinear behavior at higher input powers.
Figure 4 shows the effect of a negative substrate bias
ranging from 50 to 0 V on the substrate temperature for
the four different gas mixtures, with the discharge power as a
parameter. In this experiment, only ions and neutral plasma
species could contribute to the surface heating. In the whole
bias range, the effect of the bias on the substrate temperature
was rather weak. Ar plasma shows a notable temperature
decrease with bias at higher rf powers 250 W and a nearly
constant behavior at the lowest power 50 W. The Ar+H2
discharge also demonstrates some surface temperature de-
crease with the pressure at higher powers, whereas Ar
+CH4 and Ar+CH4+H2 mixture discharges do not reveal
any significant changes yet some temperature increase in the
Ar+CH4 and decrease in the Ar+CH4+H2 at higher powers
could be noticed.
Figure 5 shows similar dependencies for the Ar, Ar
+CH4, and Ar+CH4+H2 mixture discharges in the positive
bias range from +20 to +50 V, taken under the similar
conditions rf power varies from 50 to 250 W. In this case
the surface temperature increases dramatically for Ar plas-
mas reaching 900 °C at a discharge power of 250 W. On
the other hand, a rather weak increase can be observed for
Ar+H2 and Ar+CH4 mixtures. The behavior of the Ar
+CH4+H2 mixture discharge is very close to that of Ar
+CH4 and, therefore, this case is not plotted. The comparison
of Figs. 4 and 5 show that the heat fluxes associated with the
fluxes of ions and neutrals Figs. 4, negative bias are much
lower than the heat fluxes delivered by the electron and neu-
tral fluxes Fig. 5, positive bias.
Let us now analyze the trends shown in Figs. 2–5. It is
quite clear that when a positive bias voltage is applied to the
substrate surface, the negative ions will be repelled and only
the electrons and neutrals will deliver energy to the surface.
With the substrate is biased negatively, mainly ions and neu-
trals heat the surface. This is why the surface heating—
discharge power dependencies Fig. 3 are not surprising.
However, the strikingly different behavior of different gas
mixtures with pressure Fig. 1 and bias Figs. 4 and 5 has a
critical importance for the nanoscale synthesis and surface
treatment technologies. Indeed, our experiments suggest that
the fluxes of different materials associated with different gas
mixtures simultaneously deliver very different heat fluxes to
FIG. 3. Color online Dependence of the substrate temperature on the dis-
charge power for a various plasma compositions heating time 93 s and
b for pure Ar plasma, for the four heating times. The r+H2 mixture leads
to the much stronger heating compared to other mixtures. The discharge
pressure is 11.2 Pa.
FIG. 4. Color online Dependence of the substrate temperature on the sub-
strate bias with the plasma composition and the discharge power as param-
eters, in the negative bias range. The Ar and Ar+H2 mixtures show a weak
temperature decrease with the bias, other mixtures do not show any pro-
nounced dependence. The working pressure is the same as in Fig. 3.
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the surface. This conclusion may be critical to improve con-
trollability of the nanoscale surface treatment processes.
In fact, different materials used in the plasma-aided
nanofabrication play very different roles in plasma-surface
interactions, surface treatment, and nanostructure growth.
For example, plasma-generated building units incorporate
into the growing nanostructure, while reactive working units
are used for termination of dangling bonds on the nanostruc-
ture surfaces, surface heating, etc. In these processes, the
surface temperature is one of the most important control pa-
rameters. From our observations it is clear that each material
delivers its own energy flux to the surface, i.e., differently
heats the surface. Moreover, this flux of building material is
not always “matched” with the conditions required for the
utilization of this specific material on the surface.
It should be stressed that along with the kinetic energy,
some potential energy associated with the ion and atom
fluxes from plasma to surface can play a role in various
processes, including surface heating and passivation.27 For
example, the flux of surface-passivating hydrogen from
plasma to surface is also associated with a very strong sur-
face heating through exothermic surface recombination, i.e.,
release of the ionization energy.28 Establishing the surface
bonds also releases additional potential energy of the flux,
which contributed to the heating. However, overheating usu-
ally leads to re-evaporation of the hydrogen atoms from the
surface which in turn compromises the surface passivation,
which is essential in the synthesis of Si nanocones and
nanorods.29
In another example related to the synthesis of carbon
nanostructures, carbon precursors require elevated surface
temperatures for the effective incorporation of carbon into
the growing structure. However, the heat flux associated with
the Ar+CH4 and Ar+CH4+H2 mixtures appears to be quite
moderate. Our experiments suggest Figs. 4 and 5 that spe-
cific contributions of electrons and neutrals at negative/
positive surface bias can also be effectively controlled by
the gas composition and the surface bias. Thus, the require-
ment of independent and effective control of surface heating
and building material delivery to the surface can be imple-
mented by the precise selection of the gas/plasma composi-
tion and other process parameters.
Previous investigations have raised important issues re-
lated to the fluxes of energy and matter in plasma-surface
interactions.30,31 Let us now discuss the reasons for the ob-
served behavior of different gas mixtures shown in Figs. 2–5.
In the case of the Ar+H2 mixture, the higher substrate sur-
face temperature Figs. 2 and 3 is mainly due to the signifi-
cant additional energetic contribution by the hydrogen atoms
that recombine on the substrate surface.32 In the case of pure
argon, the substrate temperature TS increases slightly with
pressure for a constant discharge power, but decreases in
Ar+H2 and Ar+CH4+H2 mixtures, and is nearly constant in
the Ar+CH4 mixture. This can be due to the higher hydrogen
recombination probability in the plasma bulk at higher gas
pressures. On one hand, the gas and plasma densities in-
crease with the gas pressure, so does the total energy influx
from the plasma. On the other hand, the plasma chemistry in
the Ar+CH4 plasma is very different from the Ar+H2
plasma, with the significant role played by hydrogen ex-
change reactions such as CH4+CH4→CH5+CH3. Indeed, it
was reported that in plasmas with a total pressure in the order
of 100 Pa, the formation of CH5 and C2H5 are the most
common chemical reactions with CH5 48% and C2H5 41%;
in this case, the concentration of H or H2 can be lower than
5%.33 Therefore, in this case the energy influx from the hy-
drogen recombination at the substrate surface does not play
an important role in the total energy influx, and as a result,
the rise of the gas pressure does not lead to the increase in
the substrate temperature. In the presence of Ar, hydrogen is
also lost to the production of quasimolecular ions such as
ArH+ and ArC2H5+. In the reactions producing such ions,
methane acts as a reactant gas and argon is the chemical
ionization partner.33
In the case of Ar+H2+CH4 mixture, the substrate tem-
perature shows the same behavior as for the Ar+H2 compo-
sition but the values of the surface temperature are approxi-
mately 20% lower. In this case, atomic hydrogen can react
with CH3 radicals to form more CH4 species. These reactions
result in a relatively lower substrate temperatures due to the
decrease in the atomic hydrogen concentration near the sur-
face, as well as due to the endothermic character of the re-
actions CH3+H−+e−→CH4+e−, CH3+H+2e−→CH4+e−,
etc., that prevail in the gas phase at higher gas pressures. The
above processes eventually result in smaller energy fluxes to
the surface that are associated with atomic hydrogen.
IV. CONCLUSIONS
To summarize, we have shown that a proper selection of
the gas mixture, and manipulation of the discharge power,
FIG. 5. Dependence of the substrate temperature on the substrate bias for
Ar, Ar+H2, and Ar+CH4 plasmas, with the discharge power as a parameter,
in the positive bias range. The Ar plasma leads to the strong increase in the
surface temperature at bias voltage exceeding 30 V; other mixtures show a
rather weak dependence. The working pressure is the same as in Fig. 3.
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surface bias voltage and polarity, as well as the gas pressure
is a very promising and powerful tool for the independent
control of the fluxes of energy and matter in plasma-surface
interactions. These results suggest that fluxes of energy and
matter can indeed be disentangled which will eventually
greatly increase the controllability of the plasma-based nano-
scale processing of a broad range of advanced materials.
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